Glycans play important roles in various biological phenomena, but the lack of a systematic procedure for producing complex structures of glycans severely restricts their application in the medical and industrial fields. In this paper, we propose a basic strategy for the preparation of substantial amounts (>100 mg) of Nlinked oligosaccharides, where the structure of each glycan is mapped with its elution position in liquid chromatography as well as the empirical yield. In model experiments using hen egg white and yolk as starting materials, the former provided a series of agalactosylated complex-type and hybrid-type N-linked oligosaccharides containing bisecting N-acetylglucosamine (GlcNAc) in addition to two high-mannose type glycans. In contrast, egg yolk gave predominantly 2-6sialylated biantennary glycans together with a high-mannose type one, reflecting the difference in the origins of the tissues. Due to the total identity of the glycans obtained to human ones, the present strategy should provide a practical scheme for the production of human-type N-linked oligosaccharides.
A variety of glycan structures have been found in various forms of glycoconjugates, which include both secreted and membrane-integrated glycoproteins and glycolipids. The biological roles of these glycans have now been elucidated in various contexts of recognition and regulatory events, such as cell-cell and host cellpathogen (bacteria and virus) interactions. [1] [2] [3] Nevertheless, unlike DNA and protein, there is no established methodology for the automated sequencing or synthesis of glycans. In particular, the availability of diverse glycan structures is a critical requirement in academic research as well as the industrial application of these molecules. Indeed, almost all commercially available oligosaccharides are expensive, and in many cases are available in small quantities only. By contrast, naturally abundant simple saccharides exist in free form (e.g., sucrose, lactose), and thus are cheap and easy to isolate. In this study, we provide a novel protocol designated the ''strategic glycan elution map'' from hen egg to prepare a substantial amount of human type oligosaccharides in a systematic, efficient, and reproducible manner.
Hen egg is composed mainly of eggshell (10%, w/w), egg white (60%), and egg yolk (30%). The major proteins of egg white are ovalbumin, ovomucoid, and ovotransferrin, 4) while egg yolk consists almost exclusively of lipoproteins. 5) Structural analyses of N-linked oligosaccharides derived from the major glycoproteins have been carried out individually on hen egg white ovalbumin, 6) ovomucoid, 7, 8) ovotransferrin, 9) egg yolk IgY, 10) and egg yolk riboflavin-binding protein.
11)
Glycoproteins from other avian species have also been reported: these include riboflavin-binding protein of quail egg white and yolk 12) and major glycoproteins of pigeon egg white, 13) but there is no established procedure aimed at the large-scale acquisition of a series of N-linked oligosaccharides. In this context, hen egg can be considered an ideal starting material for the production of human-type N-linked oligosaccharides for the following reasons: (i) avian glycoproteins previously found in egg white and yolk have been shown to carry a series of such human-type N-linked oligosaccharides; (ii) hen egg is advantageous over any other biomaterials on the market in terms of stability, reliability, safety, and cost; (iii) egg white and egg yolk represent two different tissues and can offer a wide range of glycans defined by a different set of glycosyltransferases and glycosidases.
Here, for the first time, we attempted a systematic analysis of the major N-linked oligosaccharides derived from hen egg white and yolk glycoproteins with a view to the development of a strategic map for the large scale production of human-type N-linked oligosaccharides. For the liberation of N-linked oligosaccharides, hydrazinolysis is usually taken, which involves using anhydrous hydrazine, 14, 15) a highly toxic, explosive reagent. In this study, however, we adopted a recently developed, much safer method utilizing hydrazine monohydrate.
16)

Materials and Methods
Materials. Hen eggs were obtained from a local market (Kagawa, Japan). 2-Aminopyridine was from Nacalai Tesque (Kyoto, Japan), and was purified with heptane. Hydrazine monohydrate was from Wako y To whom correspondence should be addressed. Fax: +81-87-891-3137; E-mail: glycofun@kms.ac.jp Abbreviations: PA, pyridylaminated; Man, D-mannose; Gal, D-galactose; GlcNAc, N-acetylglucosamine; NeuAc, N-acetylneuraminic acid; GnT, -N-acetylglucosaminyltransferase;
Pure Chemical Industries (Osaka, Japan), and Dowex 50WX8 (200-400 mesh, H þ form) was from Muromachi Technos (Tokyo). TSK gel Toyopearl HW-40F, a Cosmosil 5C18-P column (10 Â 250 mm and 2 Â 250 mm), and a Shodex Asahipak NH2P-50 column (4:6 Â 50 mm) were from Tosoh (Tokyo), Nacalai Tesque, and Showa Denko (Tokyo) respectively. Neuraminidase from Arthrobacter ureafaciens was from Nacalai Tesque. -2,3-Sialidase cloned from Salmonella typhimurimum LT2 and expressed in Escherichia coli was from Takara Bio (Shiga, Japan). Both -galactosidase from Streptococcus 6646 K and -N-acetylhexosaminidase from Jack bean were from Seikagaku Corporation (Tokyo). 2,5-Dihydroxybenzoic acid was from Bruker Daltonics (Billerica, MA). Methanol, acetonitrile, and 1-butanol were of HPLC grade, while the other chemicals were of analytical grade. Disialylated biantennary glycan (PA-Sugar Chain 023) was from Takara Bio. All other standard PA-N-linked oligosaccharides (Supplemental Table 1 ; see Biosci. Biotechnol. Biochem. Web site) were prepared as described previously. 17, 18) Liberation of N-linked oligosaccharides and pyridylamination. Hen eggs were first separated into yolk and white fractions. An equal volume of water and 9 volumes of cold (4 C) acetone were then added to each fraction. After centrifugation (3,500 rpm, 30 min, 4 C using a Tomy RL-131, Tomy Seiko, Tokyo), the pellets obtained were lyophilized. The acetone powders (300 mg) derived from the egg yolk and white fractions were equally divided into six glass tubes with screw-cap lids (each containing 50 mg of powder). To each tube was added 5 ml of hydrazine monohydrate, and the tube was then heated to 100 C for 10 h. After the reaction, the liberated N-linked oligosaccharides were N-acetylated, desalted with Dowex 50WX8, and lyophilized by a procedure described previously.
15) The N-linked oligosaccharide fractions thus prepared from hen egg yolk and white were designated HEY and HEW respectively.
The HEY and HEW fractions were pyridylaminated essentially by the method of Hase et al. 19, 20) Briefly, lyophilized HEY and HEW fractions were dissolved in 3 ml of coupling reagent (2.76 g of 2-aminopyridine in 1 ml of acetic acid) and heated at 90 C for 60 min in a heating block. After the coupling reaction, 10.5 ml of freshly prepared reducing reagent (6 g of dimethylamine-borane in 2.4 ml of acetic acid and 1.5 ml of water) was added, and then the mixture was heated at 80 C for 35 min. The reaction was extracted with watersaturated phenol/chloroform solution, 21) and the PA-HEY and HEW fractions were applied to a Toyopearl HW-40F column (2:5 Â 38 cm) equilibrated with 10 mM ammonium acetate (pH 6.0) in order to remove excess reagents. 22) Purification and structural analysis of pyridylaminated N-linked oligosaccharides. Each fraction of HEY and HEW was first subjected to crude fractionation by reversed-phase (RP) high-performance liquid chromatography (HPLC) under isocratic conditions using a Cosmosil 5C18-P column (10 Â 250 mm) equilibrated 100 mM ammonium acetate buffer (pH 4.0) containing 0.5% (v/v) 1-butanol at a flow rate of 3.0 ml/min. Three fractions covering the entire elution profile were then subjected to detailed fractionation under various isocratic conditions. Specifically, the same column was equilibrated with 20 mM ammonium acetate buffer (pH 4.0) containing 0.1, 0.2, or 0.3% (v/v) 1-butanol at a flow rate of 3.0 ml/min. Fractions that did not give a single peak in a test run were subjected to further purification by normal phase (NP) HPLC with a Shodex Asahipak NH2P-50 column (4:6 Â 50 mm) at a flow rate of 0.6 ml/min using an optimized isocratic solvent system: 68% ( Purified major oligosaccharides giving > 10 nmol yields were subjected to analysis by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) with an Autoflex II mass spectrometer (Bruker Daltonics, Bremen, Germany), equipped with a 337-nm nitrogen laser, and set at 20 kV extraction voltage. 2,5-Dihydroxybenzoic acid (1 mg/ml in 30% ethanol) was used as the matrix. Analyses were carried out in reflector mode over a mass range of m=z 280 to 4,080 in positive mode and 80 to 3,300 in negative mode. Each spectrum was measured by 150 laser shots.
N-linked oligosaccharides that gave an MS molecular weight (monosaccharide composition) likely to correspond to either of the known human-type N-linked oligosaccharides were further analyzed by RP HPLC. The analysis was performed with a Cosmosil 5C18-P column (2 Â 250 mm) equilibrated with 20 mM ammonium acetate buffer (pH 4.0) containing 0.075% (v/v) 1-butanol. After injection of a sample dissolved in the same equilibration buffer, the proportion of 1-butanol was increased with a linear gradient from 0.075% to 0.425% over 90 min at a flow rate of 0.15 ml/min.
Oligosaccharides for which the structures could not be determined by RP HPLC were subjected to collision-induced dissociation-mass spectrometry (CID-MS) on an autoflex II mass spectrometer. CID-MS spectra were obtained using argon as the collision gas.
Results
Aim of and strategy for the systematic preparation of N-linked oligosaccharides
The aim of this study was to develop a concise strategy for the systematic preparation of PA-N-linked oligosaccharides. Scheme 1 summarizes a basic strategy for the large-scale preparation of human-type N-linked oligosaccharides starting from hen egg. Briefly, hen egg was divided into egg white and yolk fractions, and the glycoproteins from each fraction were precipitated with acetone. N-Linked oligosaccharides were liberated from core proteins by hydrazinolysis using hydrazine monohydrate, 16) and the liberated N-glycans were then re-N-acetylated and labeled with 2-aminopyridine. The PA-N-linked oligosaccharides derived were subjected to fractionation by gel-filtration, RP, and normal phase (NP) HPLC. Structural characterization, involving glycosidase digestion combined with HPLC mapping and CID-MS, was also performed. As a result, a series of N-linked oligosaccharides of defined structure were identified along with their respective HPLC elution profiles and purification yields.
Preparation of pyridylaminated N-linked oligosaccharide from hen egg yolk and white PA-N-linked oligosaccharides obtained from hen egg white (HEW) and yolk (HEY) were subjected to TSK gel Toyopearl HW-40F column chromatography (Fig. 1) . First, this procedure was necessary to remove excess reagents. In addition, the PA-HEY and HEW fractions were separated into two fractions based primarily on whether the N-linked oligosaccharides contained sialic acid. This was confirmed in a pilot study with hen egg IgY, where most of the sialic acidcontaining oligosaccharides were eluted in the former fraction (data not shown). The separated fractions were designated as apparently high (H), containing sialic acid, and low (L), without it, molecular weight fractions.
Along with gel filtration, in a pilot study we investigated the retention times on RP-HPLC of high mannose type (fraction 1), complex type (fraction 2), and oligosaccharides containing bisecting GlcNAc (fraction 3) of N-linked oligosaccharides prepared from hen egg IgY under the same elution conditions (data not shown). Our results indicate that N-linked oligosaccharides derived from HEW and HEY were separated into three fractions (Figs. 2 and 3) . Each fraction was then applied to a COSMOSIL 5C18-P column (10 Â 250 mm) equilibrated with 20 mM ammonium acetate buffer (pH 4.0) containing an appropriate concentration (0.1-0.3%, v/v) of 1-butanol. In this process, no other major peaks giving > the 10 nmol recovery were obtained in the L3, H1 or H2 fraction of HEW, or the L1, L3, H1, or H2 fraction of HEY. Among the RP-HPLC fractions derived from HEW, L2-14 and L2-15 did not give a single peak by NP-HPLC. Therefore, these fractions were further purified to apparent homogeneity by NP-HPLC using a Shodex Asahipak NH2P-50 column.
Structural analysis of pyridylaminated N-linked oligosaccharides PA-N-linked oligosaccharides purified by RP and NP-HPLC were also analyzed by MALDI-TOF MS. Our analysis allowed unambiguous assignment of several structures by comparison with known standard N-linked oligosaccharides by RP-HPLC using a Cosmosil 5C18-P column (2:0 Â 250 mm).
Among the HEW fractions, L1-11 (m=z, 1475.4
þ ), and L2-11 (m=z, 1598.
, clearly corresponded to Man 6 , Man 5 , and BiB respectively ( Table 1) . The other samples, however, did not give m=z values corresponding to any of the available standard N-linked oligosaccharides, but our analysis revealed that the oligosaccharides comprised complicated structures containing three or more antennas with and without bisecting GlcNAc. For detailed explanation, see ''Materials and Methods,'' and the legend to Supplemental Fig. 1 . In this case, the L2 and H3 fractions were further purified by RP-HPLC.
As for the HEY fractions, L2-2, L2-4, L2-7, L2-8, and H3-5 apparently corresponded to high-mannose type N-linked oligosaccharides: viz., Man 8 (m=z, 1799.6 Oligosaccharides whose structure could not be determined using the above procedure were applied to CID-MS. The CID-MS spectra of major oligosaccharides prepared from HEW showed a fragment ion at m=z 868, which corresponded to GlcNAc1-4Man1-4GlcNAc1-4GlcNAc-PA. This observation unambiguously indicates that these glycans have so-called ''bisecting GlcNAc.'' CID-MS analysis of HEW L1-17 showed it to constitute a hybrid-type oligosaccharide containing bisecting GlcNAc, while L2-19 was TRI3Gal containing bisecting GlcNAc (Table 1) .
Discussion
Previous studies of N-linked oligosaccharides were mainly performed from a comparative viewpoint, 10, 18, [23] [24] [25] or focused on the elucidation of structure-function relationships. [26] [27] [28] Consequently, structural analyses of N-linked oligosaccharides have tended to target specific glycoproteins. In this sense, then, the focus of this study was essentially different. To our knowledge, this is the first report describing a systematic procedure for the strategic preparation of standard N-linked oligosaccharides (a strategic glycan elution map) aiming at the preparation of large amounts of human-type oligosaccharides. Using hen egg yolk and egg white as starting materials, we determined the amount (i.e., recovery) and elution position of all major oligosaccharides by HPLC analysis. A series of oligosaccharide structures mapped in multiple modes of HPLC along with the respective purification yields is given in Table 1 .
Some preceding studies have attempted the largescale preparation of N-linked oligosaccharides or glycopeptides. Huang et al. prepared N-linked oligosaccharides from 113 g of ovalbumin by extensive pronase digestion. 29) They reported that one of the five fractions obtained by ion exchange chromatography contained as much as 166 mg of N-linked oligosaccharides. However, this fraction was actually a mixture of three different molecular species, 30, 31) one of them being the most abundant N-linked oligosaccharide obtained in this study, Man 5 GlcNAc 1 (L1-17) . Therefore, the yield in the present study (1.69 mg/g, calculated from the yield 296 nmol from 300 mg of the starting glycoprotein hen egg white) is comparable to or substantially higher than that of Huang et al. (1.47 mg of mixture/g). Koketsu et al. and Seko et al. reported preparation of a few sialylglycopeptides from delipidated egg yolk. 32, 33) Though they took a similar approach to ours in using a bulk material (egg yolk) as a glycan source, our approach utilizes a chemical reagent (hydrazine) to liberate glycans but not the enzyme (pronase). The apparent advantage in the use of a chemical reagent is its versatility, but its safety should be considered too. In this regard, a much safer procedure can be followed to carry out large-scale (> liter) hydrazinolysis. 16) In addition, various human-type N-linked oligosaccharides can be prepared without isolating glycoproteins from hen egg in this study.
As described above, L1-17 was the dominant Nlinked oligosaccharide in the egg white (296 nmol from 300 mg of egg white protein), followed by L2-19 (198 nmol). Among the high-mannose type N-linked oligosaccharides, Man 5 and Man 6 were found to be the major species (123 nmol and 99 nmol respectively). Hybrid-type and complex-type N-linked oligosaccharides having more than two antennas were also identified as major N-linked oligosaccharides. Importantly, these N-linked oligosaccharides are common to other chicken glycoproteins, e.g., ovalbumin, 6) ovomucoid, 7, 8) and ovotransferrin.
9) Therefore, the major glycoproteins derived from hen egg white share many structural features. By contrast, in the egg yolk, the major N-linked oligosaccharide species were biantennary N-linked oligosaccharides containing non-reducing terminal NeuAc in addition to Man 9 , the largest high-mannose type N-linked oligosaccharide. Thus, unlike egg white, the egg yolk contained no substantial amounts of complex type N-linked oligosaccharides with more than two antennas. Consistently, the activities of -N-acetylglucosaminyltransferases, 34) especially that of -N-acetylglucosaminyltransferase (GnT) III, which forms the bisecting GlcNAc, is reported to be significantly higher in the oviduct, where egg white proteins are synthesized, than in the liver, where the precursors of egg yolk proteins are synthesized. In addition, it has been suggested that the activity of 1,6fucosyltransferase 35) is also very low both in hen oviduct and liver, because neither egg yolk nor egg white contains core (1-6) fucosylated oligosaccharides. The structural features of the major N-linked oligosaccharides derived from hen egg yolk and white are summarized in Fig. 4 .
As an extension of the above observations, it is meaningful to speculate about the glycan synthetic pathways from the comparative and system biological viewpoints. By analysis of the major glycans identified The yields were from 300 mg each of HEW and HEY. Sugar numbers correspond to those used in Table 1. in both hen egg yolk and white, characteristic features in terms of glycosyltransferase activity became evident (Fig. 5) Sugar numbers correspond to those defined in Table 1 . Figures in parentheses are purification yields from Table 1 . The key enzymes involved in N-glycan biosynthesis are denoted in the relevant reaction schemes: glucosidase-I and II, -mannosidase (endoplasmic reticulum), -mannosidase, GnT-I (cis-Gologi), -mannosidase-II, GnT-II, III, IV, and V (medial-Golgi), galactosyltransferase (Gal-T, not specified), and sialyltransferase (ST; not specified; trans-Golgi). and V, are also subject to modification by GnT III. (vi) Because of the relatively low activity of 4-galactosyltransferase, most complex-type N-linked oligosaccharides exist in the agalactosylated form. (vii) If 4-galactosylation occurs, the resulting oligosaccharide (no. 11) is sialylated to some extent (no. 17).
In contrast, hen egg yolk shows much simpler biosynthetic features. (i) Processing of the Man 9 (no. 1) structure proceeds relatively slowly. (ii) As in the case of egg white, the action of GnT I toward Man 5 is ratelimiting. (iii) Immediately after this reaction, the resulting Man 5 GlcNAc 1 can act as a substrate for -mannosidase II, GnT II, 4-galactosyltransferase, and 2-6sialyltransferase yielding the predominant molecular species, disialylated biantennary N-linked oligosaccharide (no. 16). (iv) Partially sialylated oligosaccharides are coincidentally generated in a somewhat asymmetric manner (compare the structures of nos. 14 and 15). Thus N-linked oligosaccharides derived from egg yolk have at most two antennas, and lack bisecting GlcNAc, unlike those obtained from egg white.
Based on the proposed concept of a strategic glycan elution map, preparation (production) of N-linked oligosaccharides on a millimolar (gram) scale should become possible in the near future. Indeed, the recent development of a safe large-scale (> liter) hydrazinolysis process is also an important factor.
16) It will be necessary to increase the number of strategic glycan maps (the repertoire) to provide sufficient production of diverse structures of human-type N-linked oligosaccharides. Mammalian serum can be a good additional source of starting material to compensate for the lack of core (1-6) fucosylated oligosaccharides in chicken egg. Despite the routine synthesis of industrial scale quantities (> kg) of small saccharides, a chemical approach to the large-scale production of complex-type N-linked oligosaccharides is not currently feasible. We believe that the findings of this study provide information towards the comprehensive supply of structurally and functionally important human-type glycans. Such an approach should contribute to glycobiology and glycotechnology in both the academic and the industrial field.
